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TransitinThe chick spinal cord can regenerate following injury until advanced developmental stages. It is conceivable
that changes in stem/progenitor cell plasticity contribute to the loss of this capacity, which occurs around
E13. We investigated the contribution of proliferation, phenotypic changes in radial glia progenitors, and
neurogenesis to spinal cord regeneration. There was no early up-regulation of markers of gliogenic radial glia
after injury either at E11 or E15. In contrast, increased proliferation in the grey matter and up-regulation of
transitin expression following injury at E11, but not E15, suggested high levels of plasticity within the E11
spinal cord progenitor population that are lost by later stages. Changes in neural progenitors with
development were also supported by a higher neurosphere forming ability at E11 than at E15. Co-labelling
with doublecortin and neuron-speciﬁc markers and BrdU in spinal cord sections and dissociated cells showed
that neurogenesis is an ongoing process in E11 chick spinal cords. This neurogenesis appeared to be complete
by E15. Our ﬁndings demonstrate that the regeneration-competent chick spinal cord is less mature and more
plastic than previously believed, which may contribute to its favourable response to injury, and suggest a role
for neurogenesis in maintaining regenerative capacity.© 2009 Elsevier Inc. All rights reserved.Introduction
Although only a few vertebrates can regenerate their CNS as adults,
there is growing evidence of much regenerative capability in the
developing CNS (Ferretti and Whalley, 2008; Nicholls and Saunders,
1996). Regeneration in adult urodele amphibians is known to involve
both axonal regrowth and a coordinated reorganization of spinal cord
ependymal cells, which proliferate and migrate to replace lost tissue
(Clarke and Ferretti, 1998; O'Hara et al., 1992). A similar ependymal
response has also been observed in other regenerative lower
vertebrates including teleost ﬁsh (Anderson et al., 1986). The high
regenerative capacity of these species has been attributed by some to
the retention of developmental properties in the spinal cord but may
also be the result of other factors including a high intrinsic capacity of
neurons to regenerate, reduced glial scarring and/or an ability to
recruit progenitor cells in response to injury and undergo neurogen-
esis (Ferretti et al., 2003; Holder and Clarke, 1988; Reimer et al., 2008;
Zhang et al., 2000).
Following the discovery of stem cells in the adult mammalian CNS,
stimulation of endogenous progenitor cell populations is beingork.
l rights reserved.considered as a therapeutic strategy for spinal cord injury. For this
reason, it is important to determine the extent to which the loss of
these capabilities might contribute to reduced regenerative capacity
in amniotes. The chick spinal cord, which is amenable to manipula-
tions and in which the transition between regeneration-competent
and incompetent stages is well deﬁned, represents an excellent model
to address this issue (Ferretti and Whalley, 2008; Hasan et al., 1991;
Shimizu et al., 1990).
In the chick, where neurogenesis had been reported to be complete
by E9 (Fujita, 1964) and all the cortico-spinal tracts have grown to
their targets by E9–10 (ten Donkelaar, 2000), anatomical and
functional repair after transection injury is observed until E12
(Hasan et al., 1991; Shimizu et al., 1990). At this stage the spinal
cord is at an advanced stage of maturation, although myelination and
the progressive expansion of the astrocytic population have yet to take
place (Hasan et al., 1991; Shimizu et al., 1990).
It is not clear whether regeneration in E11–E12 spinal cords
involves axonal regeneration alone or whether new neurons are also
generated. If the latter is the case, spinal cord injury should induce
activation of neural stem cells. The number of reliable neural stem cell
markers available is still limited and the most widely used marker,
nestin (Brewer, 1999; Dahlstrand et al., 1995; Lendahl et al., 1990;
Reynolds andWeiss, 1992; Weiss et al., 1996), does not appear to have
a chick homologue. However, the intermediate ﬁlament transitin has
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domain, and to display a similar developmental expression pattern,
with high levels of expression in spinal cord radial glia (Cole and Lee,
1997; Lee and Cole, 2000; Ma et al., 1998; Napier et al., 1999; Yuan et
al., 1997). Radial glia cells have been shown to be neural precursors
with the ability to contribute both to glial and neuronal lineages
during development (Alvarez-Buylla et al., 2001; Malatesta et al.,
2003; Noctor et al., 2001, 2002). Thus, although not a deﬁnitive neural
stem cell marker, transitin can be used as an indicator of radial glia
precursor activation.
As it is not known whether changes in radial glia play any role
in the loss of regenerative capability in chick, we have investigated
the regulation of transitin and two other radial glia markers, 3CB2
and the glutamate transporter Glast, following injury at regenera-
tion-permissive and non-permissive stages of development. In
addition, we have used double immunostaining for both BrdU
and markers of neuronal differentiation to assess whether
neurogenesis does occur in regenerating spinal cords. Although it
was expected that no neurogenesis would be detected in the
uninjured spinal cord, we have found that this process is still
ongoing at E11, consistent also with continued expression of the
neuroblast marker doublecortin (Dcx). Higher levels of proliferation
both in vivo and in vitro and a greater ability of spinal cord cells to
form neurospheres at E11 than at E15 were consistent with
activation of the neural progenitors at regeneration-permissive
stages, but not after E13, when the spinal cord cannot repair itself,
neurogenesis has been completed and its transection results in
formation of large cavities and paralysis.
Materials and methods
Animals, surgery and tissue preparation
Fertilized White Leghorn eggs (Needle Farm, Cambridge, UK)
were incubated at 37 °C in a humidiﬁed forced ﬂow incubator. All
procedures were approved under the Animals Scientiﬁc Procedures
Act 1986. Spinal cord transection was carried out under a dissecting
microscope at E11 or E15 essentially as described previously
(Shimizu et al., 1990; Whalley et al., 2006). At E15 the embryos
were anaesthetised by administration of 0.5 ml of 0.75 g/l tricaine
prior to surgery. A pair of ﬁne forceps was used to break a small hole
in the chorioallantoic membrane, carefully avoiding major blood
vessels. A glass hook, prepared by heating and bending a glass
pipette, was pushed through the hole and used to lift the embryo
gently towards the window, with the dorsal side facing upwards. Fine
forceps were placed on either side of the spinal column in the
cervical region and closed for a few seconds, to perform the
transection, before gently lowering the embryo. Following surgery,
the window was re-sealed with tape and the eggs were re-incubated
for up to 4 days. Spinal cords were either ﬁxed overnight in 4%
paraformaldehyde (PFA) solution in phosphate buffer saline (PBS) at
4 °C or frozen immediately after dissection in liquid nitrogen and
stored at −70 °C for protein or RNA analysis. Fixed tissues were
either parafﬁn or cryo-embedded and transverse sections were cut at
7 or 30 μm, respectively.
Chick neurosphere culture
Neural precursor cells from E11 and E15 chick spinal cords and
from injured or sham-operated spinal cord collected 24 h after surgery
were cultured as neurospheres. Rapidly dissected segments of cervical
spinal cord (approximately 4–6 mm depending on developmental
stage) or tissue from either side of the injury, approximately 3 mm
each side in the case of E15 embryos and 2 mm each side in the case of
E11 embryos, or from the equivalent region of sham-operated spinal
cords were transferred to ice-cold Leibovitz-15 (L15) medium. Theywere cut into fragments of approximately 1 mm3, and incubated for
30 min in 500 μl of a solution containing 0.01% w/v papain
(Worthington, UK) and 0.01% w/v DNAse I (Worthington, UK). After
trituration with a pipette, undissociated fragments were left to
sediment, and the supernatant was transferred to a fresh tube and
centrifuged at 800 g for 5 min. The cell pellet was resuspended in
500 μl of DNAse/albumin inhibitor/EBSS solution (Worthington, UK),
and centrifuged at 1000 rpm for 5 min through a density gradient
consisting of 1 ml albumin-ovomucoid inhibitor solution (Worthing-
ton, UK). Cells were resuspended in 1 ml Neurobasal A medium (NBA,
Invitrogen, UK) containing 1% GlutaMAX (Gibco, UK) 1% B27
(Invitrogen, UK), EGF (20 ng/ml, Sigma, UK), FGF2-Heparin (FGF2:
20 ng/ml, Sigma, UK, Heparin: 5 μg/ml, Sigma, UK) and 1% penicillin–
streptomycin–fungizone mixture (PSF, Fisher, UK) and plated at
different dilutions (between 2000 and 100,000 cells/ml). Cells were
viewed daily under an Axiovert 135 (Zeiss, Germany) microscope and
imaged every second day using a Jenoptik digital camera. Images were
saved directly into Openlab software (Improvision, UK) and used to
monitor development of neurospheres. Neurospheres were counted
daily from the time they began to form.
Cell proliferation analysis
DNA synthesis was assessed by BrdU (5-Bromo-2′-deoxyuridine,
Sigma, UK) labelling; 100 μl of 10mg/ml BrdU in PBSwas applied daily
onto the chorioallantoic membrane at different developmental stages
between 1 and 4 days. Spinal cords were collected 24 h after the ﬁnal
treatment.
Thirty micrometer cryostat sections located approximately 300 μm
caudal or rostral to the injury site were immunostained using an
antibody against BrdU (see below). Two images of each section, one of
each half of the spinal cord, were captured using a confocal
microscope and used for image analysis. Using Openlab software,
each image was divided into three regions: the ependymal region
consisting of a pseudo-stratiﬁed layer of cells around the central canal,
the grey matter and the white matter. BrdU-positive cells were
counted in each region and expressed relative to the total area of that
region. Sections from a total of 6 sham-operated and 4 injured E11
spinal cords and 9 sham-operated and 6 injured E15 spinal cords were
analyzed, with up to two sections (one caudal and one rostral) taken
from each embryo.
Cytospin preparations of chick spinal cords
Approximately 6 mm of the cervical spinal cord was diced in L-15
medium. The samples were centrifuged at 6000 g for 1 min. L-15 was
removed and the tissue was further dissociated by adding 0.5 ml
dispase (Invitrogen, 20 U/ml) and incubating at 37 °C for 30 minutes
(min). Samples were centrifuged at 6000 g for 2 min and pellets were
resuspended in 0.5 ml Dulbecco's Modiﬁed Eagle Medium (DMEM,
Gibco). The cells were diluted a further 10 times with DMEM. 200 μl of
the cell suspension was added to each funnel of the cytospin and the
cells were spun at 500 g for 5 min onto the TESPA-coated slides. The
cell preparation was brieﬂy air-dried, then ﬁxed with 4% PFA for
10 min before staining.
Histological analysis
Hematoxylin and eosin (H&E) staining was used to assess tissue
morphology and pathology in parafﬁn sections.
Protein expression analysis
Antibodies
Primary antibodies: anti-BrdU (rat monoclonal antibody, Amer-
sham Biosciences, 1:100), anti-doublecortin (goat polyclonal
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for Western blotting), 3CB2 (mouse monoclonal antibody, Develop-
mental Studies Hybridoma Bank, USA 1:10) EAP3 (mouse monoclonal
antibody to transitin, Developmental Studies Hybridoma Bank, USA,
1:10), anti-Glast (rabbit polyclonal antibody, Frontier Science, Japan,
1:200), anti-HuC/D (mouse monoclonal antibody, Molecular Probes,
UK,1:100) andmousemonoclonal antibody anti NeuN (Chemicon, UK,
1:100). Secondary antibodies: ﬂuorescence-conjugated secondary
antibodies were used at a concentration of 1:400 (Alexa-conjugated
goat anti-rabbit IgG antibody, Alexa-conjugated rabbit anti-goat IgG
antibody and Alexa-conjugated goat anti-mouse IgG antibody, Mole-
cular Probes, UK); horseradish peroxidase-conjugated anti-goat anti-
body (DAKO, Buckinghamshire, UK) was used at a concentration of
1:1000. All antibodies were diluted in the blocking solution used to
block unspeciﬁc binding (see below).
Immunohistochemistry and immunocytochemistry
Transitin, 3CB2, Glast and Dcx expression was analyzed in 7 μm
sections taken less than 500 μm from the injury site and inFig. 1. Analysis of proliferation in the developing and injured chick spinal cord by BrdU lab
spinal cord 24 h after labelling with BrdU. (A) Region around the central canal in a spinal cord
are indicated by an arrow. Asterisk indicates the central canal. (B) Hematoxylin and eos
(WM=white matter, GM=grey matter) assessed for BrdU labelling. (C) BrdU-positive cell
injury site, 24 h after injury and labelling with BrdU at E11. Data show mean cell count/μ
proliferation in the greymatter. ⁎p=0.017 for grey matter p=0.740 for ependyma and p=0.
and collected at E16 and double-labelled for BrdU and HuC/D; nuclei are stained with DAPI (b
G–I) Spinal cord injured at E15 and collected at E16 labelled as in (D–F). J) BrdU-positive cells
with BrdU at E11 and E15. Data shows mean cell count/ependyma±SEM in sham and injure
E15, ⁎p=0.02. Injury induces proliferation in the ependymal region in E15, but not in E11, ⁎p=
picture. Scale bars: A=100 μm; B=500 μm; D–I=50 μm.corresponding sham-operated spinal cords. Sections were dewaxed
in Histoclear and rehydrated through a series of alcohols. For BrdU
immunostaining the sectionswere incubated in a solution of 0.1MHCl
for 30 min at room temperature, followed by 2 M HCl for 30 min at
37 °C. Sections were neutralized in a solution of 0.1 M Sodium Borate
pH 8.5 for 15 min at room temperature, then rinsed in PBS before
continuing. Sections were incubated in blocking solution containing
10% fetal calf serum (FCS), 1% albumin from bovine serum (BSA) and
0.5% Triton X-100 in PBS for 1 h at room temperature prior to
incubating with primary antibodies overnight at 4 °C. Secondary
antibodies were applied in blocking solution for 2 h at room
temperature. Slides were rinsed in PBS and embedded in Vectashield
mounting medium with DAPI (Vector, UK).
Thirty micrometer ﬂoating sections were stained in 24 well plates,
with up to 4 sections per well in 200 μl of solution, following the
protocol described above. Incubations were carried out with gentle
shaking to ensure adequate penetration of the solutions.
Sections were viewed either under a Zeiss Axioplan microscope
and digitally scanned using a Hamamatsu digital camera (C4742-95,elling. BrdU (green) and HuC/D (red) immunostaining in 30 μm transverse sections of
labelled at E10 and collected at E11. High levels of proliferation in the ependymal region
in staining of transverse section of E12 spinal cord showing the three main regions
s were counted in the three spinal cord regions in transverse sections 300 μm from the
m2±SEM in sham and injured embryos. There is a statistically signiﬁcant increase in
580 for whitematter (Student's t-test). (D–F) Sham-operated spinal cord labelled at E15
lue). The central canal is indicated by an asterisk. No double-labelled cells are observed.
were counted at E12 and E16 in the ependymal region, 24 h after operation and labelling
d embryos. There is a statistically signiﬁcant decrease in proliferation between E11 and
0.04 (Student's t-test). In all images dorsal is at the top and ventral at the bottom of the
237K. Whalley et al. / Developmental Biology 332 (2009) 234–245Hamamatsu Photonics KK, Japan) into Openlab software or by
confocal laser scanning microscopy using either a LSM 710 (Zeiss,
Germany) or a TCS SP2 (Leica, Germany) confocal microscope
equipped with Argon, Krypton and HeNe lasers. Complete “z” series
optical sections were collected and projected onto a single plane using
Leica TCS software.
Neurosphere cultures to be immunostained were ﬁxed directly in
the 6-well plate for 15 min with 4% paraformaldehyde in PBS and
antibodies applied as described above.
Western blotting
Tissues were homogenised in 1 ml ice-cold protein extraction
buffer (5% 3 M NaCl, 1% Nonidet P-40, 0.1% SDS, 5% 1 M Tris pH
8.0) with added proteinase inhibitors, then centrifuged at 12,000 g
for 30 min at 4 °C. Supernatants were stored at −70 °C prior to
1-DE [SDS-PAGE] and protein concentrations were determined
using the BCA™ Protein Assay Kit (Pierce, Rockford, IL). Before gelFig. 2. Expression of transitin in the developing and injured chick spinal cord. Immunos
developing spinal cord. (A) E7 spinal cord transverse section. transitin is expressed in radial
operation at E11. Transitin expression is restricted to the dorsal midline and is absent in radi
cord 24 h after a sham operation and labelling with BrdU (green) at E11. No cells double-labe
24 h after injury at E11. There is a clear up-regulation of transitin expression in the radial pro
with BrdU (green) at E11. E′) High magniﬁcation view of potentially double-labelled cells (
region of a transverse section within the injury site of spinal cords 24 h after injury and label
labelled cell (arrow) in the ependymal region of (F). (G) Transverse section of a spinal cord
midline. (H) Transverse section of the spinal cord 24 h after injury at E15. There is no up-re
=100 μm; G, H=200 μm.electrophoresis, half of the samples were treated with alkaline
phosphatase: 20 μg samples were mixed with 2 μl 10× alkaline
phosphatase reaction buffer, 7 μl distilled H2O and 1 μl calf
intestinal alkaline phosphatase (20 U/μl; Promega, Southampton,
UK) and incubated at 37 °C for 30 min. Control samples were
treated as above but had the alkaline phosphatase replaced with
water.
Samples containing 7.5 μg of protein were separated by 10%
SDS-PAGE and electrotransferred to nitrocellulose membranes
(Whatman, UK) using a TransBlot-SD (BioRad). To block non-
speciﬁc binding, blots were incubated with blocking buffer [5%
(w/v) non-fat milk solids in TBS with 0.05% Tween 20] overnight
at 4 °C. The blots were incubated with primary antibody in
blocking solution for 2 h at room temperature and then incu-
bated with appropriate secondary antibodies (conjugated to horse-
radish peroxidase, Jackson ImmunoResearch (West Grove, PA, USA)
diluted 1:20,000 in blocking solution for 1 h at room temperature).taining for the chick nestin homologue, transitin (red), in transverse sections of the
ly oriented processes (arrow). (B) Transverse section of a spinal cord 24 h after a sham
al ﬁbres. (C) Confocal image of the ependymal region of a transverse section of a spinal
lled for BrdU and transitin are observed. D) Transverse section from an injured embryo,
cesses. (E) Transverse sections close to the injured region 24 h after injury and labelling
arrows) in the peri-ependymal region of (E). (F–F′) Confocal images of the ependymal
ling with BrdU (green) at E11. High magniﬁcation view (F′) shows a potentially double-
24 h after a sham operation at E15 (E16). Transitin expression is restricted to the dorsal
gulation of transitin expression after injury. Scale bars: A, B, D, E=500 μm; C, E′, F, F′
238 K. Whalley et al. / Developmental Biology 332 (2009) 234–245Bound antibodies were visualized using ECL-system (Amersham
Biosciences).
Statistics
Proliferation in the developing and injured chick spinal cord was
analyzed using the Student's t-test. pb0.05 was taken to indicate
signiﬁcance.
Results
Analysis of proliferation in developing and injured chick spinal cords
In order to investigate changes in proliferation in the spinal cord,
embryos were treated with BrdU (Fig. 1). Twenty-four hours after
treatment at E10, BrdU labelling was observed throughout the spinal
cord, with the highest concentration of dividing cells in the
ependymal region surrounding the central canal (Fig. 1A, and see
Fig.1B for illustration of the regions). At E16, 24 h after labelling at E15,Fig. 3. Analysis of Glast and 3CB2 expression after injury at E11. Immunostaining in transv
cord. Glast (red) is expressed in radial ﬁbres (B) E11 spinal cord. By this stage Glast expres
mainly expressed dorsally. (C) Spinal cord sham-operated at E11 and collected 24 h later (E
injury at E11. No up-regulation of Glast is apparent. (E) Spinal cord sham-operated at E11
and extends into the ventral midline (arrow). (F) Spinal cord 24 h after injury at E11. No u
at the same magniﬁcation.cell divisionwas still observed in all regions of the spinal cord, but only
a few BrdU-positive cells were detected in the ependymal region (Fig.
1D). In contrast, there were noticeably high levels of proliferation in
the white matter, corresponding to the birth of glial cells at this stage
(Supplemental Fig. 1A).
To assess whether there is an increase in overall proliferation
following an injury, the number of BrdU-positive cells in the
ependymal region, grey matter and white matter was counted 24 h
after injury at E11. As shown in Fig. 1C, there was a signiﬁcant
increase in the density of BrdU-positive cells in the grey matter 24 h
after injury, but no up-regulation of proliferation in the ependymal
region or the white matter. Due to the extensive damage in E16
spinal cords 24 h after injury (see Supplemental Fig. 1) we were not
able to determine the boundaries of the grey and white matter.
Nevertheless we observed a signiﬁcant increase in proliferation in
the ependymal region (Figs. 1D–J). Although the number of cells
surrounding the central canal seemed higher dorsally then ventrally,
a count of mitosis speciﬁcally within the ependymal cells lining the
central canal showed that they were evenly distributed, as noerse sections of spinal cord 24 h after sham operation or injury at E11. (A) E9 spinal
sion (red) is mainly detected at the ventral midline unlike transitin (green), which is
12). Glast expression is comparable to that observed at E11. (D) Spinal cord 24 h after
and collected 24 h later (E12). 3CB2 is expressed in the dorsal midline (arrowhead)
p-regulation of 3CB2 expression is observed. Scale bar=500 μm; all micrographs are
239K. Whalley et al. / Developmental Biology 332 (2009) 234–245statistically signiﬁcant difference was observed between the dorsal
(19.8±4.4, n=6) and ventral (15.5±4.3, n=6) region (p=0.116,
Student's t-test).
Analysis of radial glia in developing and injured chick spinal cords
The BrdU labelling experiments showed that the number of
newborn cells in the grey matter increased after injury at E11;
however, it was not clear whether this related to an increase in
gliogenesis, neurogenesis or both. To further investigate changes in
progenitor cell populations in the E11 spinal cord in response to
injury, we investigated changes in the expression of various markers
of radial glia.
We began by examining the expression of transitin in the non-
injured spinal cord. Our analysis showed that, whereas at E7
transitin expression was most prominent in radial processes
spanning the width of the spinal cord (Fig. 2A), from E11 onwards
its expression became largely restricted to the dorsal midline, with
low-level expression continuing in some radial ﬁbres (Fig. 2B).
Expression of transitin remained in these regions until at least E16
(Fig. 2G).
Next, we examined changes in transitin expression, which might
indicate stimulation of radial glia, following injury. Twenty-four hours
after injury at E11 (Figs. 2D–F), we observed an increase in the
expression of transitin in radial processes and scattered cells
throughout the spinal cord. Some of the up-regulated transitin was
localised in cells that extend radial ﬁbres from the ependymal region
towards the spinal cord surface, reminiscent of patterns of radial glia
during development. Other staining appeared to be in scattered cells
with short processes. In order to determine whether newly prolifer-
ating cells begin to express transitin after injury at E11, or whether
transitin expression is up-regulated in existing differentiated cells,
double-labelling for transitin and BrdU was assessed in spinal cord
sections, 24 h after injury and labelling with BrdU (Figs. 2E–F). The
ﬁlamentous nature of the transitin staining made it difﬁcult to assessFig. 4. Expression of doublecortin (Dcx) in the developing chick spinal cord. (A–E) Dcx immu
staining in the ventrolateral neural tube (B) At E8, Dcx is expressed throughout the greymatte
grey matter. (E) At E15, Dcx expression becomes restricted to the dorsal horns. Scale bars: A=
Western blot data showing changes in doublecortin levels and phosphorylation at different d
calf intestinal alkaline phosphatase (CIAP) before SDS-PAGE. This conﬁrms a down regulatio
present at E11.co-localisation with any certainty. However, as shown in Figs. 2E′ and
F′, some cells in the injured spinal cord did appear to be labelled by
both markers, including some in the grey matter. This suggests that
the up-regulation of transitin after injury may be due, in part, to the
expansion of a subset of radial glia cells and of progenitor cells within
the grey matter. In contrast, there was no obvious increase in transitin
expression after injury at E15 (Figs. 2G, H).
We also determined whether injury to the chick spinal cord
induced any changes in the number or localisation of gliogenic
radial glial cells by assessing the expression of Glast and 3CB2
(Barry and McDermott, 2005; Prada et al., 1995). Glast was present
in radial glia at E9, and by E11 was mainly restricted to the ventral
midline, whereas transitin expression was stronger dorsally, sug-
gesting that these two markers label different cell populations at
E11 (Figs. 3A, B). No major changes in Glast level of expression were
observed 24 h after injury, though the radial organization of Glast
expression in the injured tissues was quite disrupted (Figs. 3C, D).
At E16 Glast was largely found in the grey matter and did not
appear to change after injury (not shown). The expression pattern
of 3CB2 was consistent with previous reports and was noticeably
similar to the expression pattern of transitin in the chick spinal cord
at early developmental stages (not shown). From E11 onwards, 3CB2
staining was mainly restricted to the dorsal midline, with some
staining extending to the ventral midline (Fig. 3E). 3CB2 positive
radial glia were not up-regulated by injury 24 h after spinal cord
injury either at E11 (Figs. 3E, F) or E15 (not shown). This suggests
that progenitor cells do not begin to express the 3CB2 antigen in
response to injury.
Analysis of neurogenesis in normal and injured E11 chick spinal cord
In order to investigate whether the increase in transitin expres-
sion reﬂects activation of progenitor cells and neurogenesis in the
regenerating chick spinal cord after injury, cells in the spinal cord
were assessed for double-labelling with BrdU and neuronal markers.nostaining in transverse sections of spinal cord. (A) E4 spinal cord. Arrow indicates Dcx
r. (C–D) At E11 (C) and E13 (D), Dcx is predominantly expressed in the dorsal part of the
250 μm, B–C=500 μm, E=1000 μm. In all images dorsal is at the top of the picture. (F)
evelopmental stages (E8–E15). Samples were incubated either with (+) or without (−)
n of Dcx expression with development, but shows that relatively high levels of Dcx are
240 K. Whalley et al. / Developmental Biology 332 (2009) 234–245As young migrating neuroblasts have been shown to express Dcx,
we used this protein as a marker of newborn neurons. Dcx
expression decreased with development, but, surprisingly – given
that no neuroblasts were expected to be present at this stage – it
was still clearly detectable at E11 and some dorsally restricted
staining was observed also at E15 (Fig. 4). The expression patterns
observed with immunostaining were conﬁrmed by Western blotting
(Fig. 4F). This revealed a reduction in the overall level of
doublecortin protein present in spinal cord samples between E11
and E15. Furthermore, there was a reduction in the phosphorylated
form of the protein over this developmental period, showing that
the phosphorylation of doublecortin in the chick spinal cord is
developmentally regulated over a time-period which corresponds to
the loss of regenerative capacity. The presence of cells double-
stained for Dcx and BrdU was assessed in E11 spinal cords.
Unexpectedly, some cells in normal cords appeared to be positiveFig. 5. Comparison of different neuronal markers for assessing neurogenesis. Immunostainin
neuronal markers (red) and BrdU (green). (A–B) E11 spinal cord sections stained for doublec
magniﬁcation in inserts); the arrowheads indicate examples of ambiguous double-labelling.
through the stack in the places indicated by the dashed white lines. (C) E4 spinal cord st
ventrolateral neural tube double-labelled with HuC/D and BrdU (arrow). (D) E15 spinal cor
labelling can be observed at this stage. (F) E12 spinal cord stained for NeuN (red) and BrdUfor both markers, therefore suggesting ongoing neurogenesis at E11.
However, given the extensive staining of both cell bodies and
cellular processes with Dcx antibodies and the ﬁlamentous nature of
Dcx, it was difﬁcult to conﬁdently identify and quantify cells double-
labelled for Dcx and BrdU even by confocal microscopy analysis
(Figs. 5A, B, Supplemental Fig. 2).
HuC/D is a neuronal marker that is expressed from early stages of
differentiation in the cell body (Wakamatsu and Weston, 1997). It is
therefore easier to identify BrdU-positive newborn neurons by double
staining for this marker rather than for Dcx. We initially determined
when newly born neurons begin to express HuC/D. At E4 this protein
is localised towards ventral and lateral parts of the neural tube and
some overlap between HuC/D and BrdU labelling could be observed
after 24 h of BrdU labelling (Fig. 5C). In contrast no cells double-
labelled for BrdU and NeuN, a neuronal marker that has a nuclear
expression pattern, could be observed after treating E4 spinal cordsg of transverse sections of spinal cord at different developmental stages with different
ortin (red) and BrdU (green); the arrows indicate putative double-labelled cells (at high
Side panels to the right and bottom show cross sectional view in the x–z and y–z planes
ained for HuC/D (red) and BrdU (green). (C′) High magniﬁcation view of cells in the
d stained for HuC/D and BrdU. E) E4 spinal cord stained for NeuN and BrdU. No double-
(green). Scale bars: A, B=100 μm; C–F=500 μm.
241K. Whalley et al. / Developmental Biology 332 (2009) 234–245with BrdU for 24 h (Fig. 5E). This suggests that more than 24 h is
required for a newly born neuron to begin to express NeuN at this
developmental stage. At later stages, both HuC/D and NeuN are
expressed throughout the grey matter of the spinal cord (Figs. 5D, F).
In order to determine whether neurogenesis occurs in the chick
spinal cord following an injury at regenerating stages, BrdU
labelling was carried out in the E11 spinal cord at the time of
injury in conjunction with staining for neuronal markers. Immu-Fig. 6. Analysis of neurogenesis in sections of spinal cord 24 h and 4 days after injury at E11 an
or NeuN (C, D) and BrdU (green) in 30 μm transverse sections of injured and sham-operated
HuC/D and BrdU labelling in corresponding sham-operated controls. (C) NeuN and BrdU
corresponding sham-operated controls. (E) HuC/D and BrdU labelling in the spinal cord 24 h
a sham operation at E15. Sections are approximately 300 μm from the injury site. The central
confocal images. Side panels to the right and bottom show cross sectional view in the x–z and
labelled cells are indicated by white arrow and intersection of dashed lines. Yellow arrowhe
pictures show a high magniﬁcation view of the double-labelled cells. Scale bars: A, B, E, F=nostaining for HuC/D and BrdU was carried out on 30 μm sections
of spinal cord, 300 μm from the injury site and analyzed by
confocal imaging. Stacks of images were exhaustively searched for
potentially double-labelled cells using the ‘cross section’ function,
as illustrated in Fig. 6. Since HuC/D does not label the nucleus and
therefore does not overlap with BrdU labelling directly, only cells
with BrdU labelled nucleus surrounded by a HuC/D labelled cell
body in all dimensions were classiﬁed as double-labelled, thoughd E15. Confocal images of immunostaining for the neuronal markers (red) HuC/D (A, B)
spinal cord. (A) HuC/D and BrdU labelling in the spinal cord 24 h after injury at E11. (B)
labelling in the spinal cord 4 days after injury at E11. (D) NeuN and BrdU labelling in
after a sham operation at E15. (F) NeuN and BrdU labelling in the spinal cord 4 days after
panel of each images shows a single confocal scan in the x–y plane taken from a stack of
y–z planes through the stack in the places indicated by the dashed white lines. Double-
ads indicate cells that cross sectional analysis showed were not double-labelled. Inset
50 μm; C, D=40 μm.
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population. Using this stringent criterium, 8 double-labelled cells
were found in 7 sections examined from 3 injured embryos, and 1
double-labelled cell was found in 6 sections examined from 3
sham-operated animals. In order to establish whether these
newborn neurons survive and mature, spinal cords labelled daily
from E11 onwards with BrdU were collected 4 days after injury and
the presence of newborn neurons assessed using the late neuronal
marker, NeuN. Double-labelled cells for NeuN and BrdU were
indeed detected in both injured and sham-operated spinal cords
(10 double-labelled cells were found in 9 sections from 6 sham-
operated embryos and 4 double-labelled cells were found in 7
sections from 4 injured embryos) conﬁrming the survival and
maturation of these newborn neurons. Although this analysis may
suggest an up-regulation of neurogenesis after injury, given the
conservative counting and low cell number statistical analysis was
not carried out.
These results indicated a low level of neurogenesis both in sham-
operated and injured E11 spinal cords. To conﬁrm this ﬁnding
cytospin preparations of BrdU-treated spinal cords dissociated 48 h or
4 days after injury were immunostained for BrdU and HuC/D or NeuN
(Figs. 7A–C) and BrdU and GFAP (Fig. 7D). Cells double-labelled for
BrdU and neuronal markers were consistently observed in both
injured and sham-operated spinal cord samples in agreement with
the ﬁndings in spinal cord sections, though their numbers were low
(less than 2%). Although the percentage of double-labelled cells in the
injured spinal cord was higher than that in the sham-operated spinal
cord (Fig. 7E) this did not prove statistically signiﬁcant (p=0.1234,
Student's t-test).
All together these results suggest that neurogenesis, though at low
levels, is still ongoing at E11 as indicated by analysis of either spinal
cord sections or cytospin preparations of sham-operated (n=20) and
injured (n=13) spinal cords.
Analysis of neurogenesis in normal and injured E15 chick spinal cord
To assess whether neurogenesis has come to an end when
regeneration does not occur, we investigated whether double-labelled
cells for HuC/D and BrdU can be observed in E15 chick spinal cords.
E15 embryos were labelled with BrdU and the spinal cords wereFig. 7. Analysis of neurogenesis in spinal cord cytospin preparations 48 h and 4 days after injur
taken from an injured spinal cord 48 h after injury at E11. (B, C) Immunostaining for NeuN (r
(C) spinal cords 4 days after injury at E11. Double-labelled cells were observed in both sham
(green) in cytospin preparations from E15 spinal cord daily treated with BrdU from E11 indic
the percentage of cell double-labelled for HuC/D and BrdU in cytospin preparations from spcollected at 24 h after labelling. Confocal analysis of sections stained
for BrdU and HuC/D was carried out as before. In a total of 9 different
embryos no double-labelled cells were observed (Fig. 6E and
Supplemental Fig. 1), suggesting that signiﬁcant neurogenesis does
not take place after E15 in the chick spinal cord. When the same
analysis was carried out following spinal cord injury at E15 (n=6), no
BrdU and HuC/D double-stained cells were found, though cell division
was still observed in all regions of the spinal cord (Fig. 6F and
Supplemental Fig. 1).
Analysis of neurosphere forming ability at E11 and E15
To further assess whether changes in neurogenesis between E11
and E15 were reﬂected by changes in the neural stem cell population,
we compared neurosphere forming ability in E11 and E15 spinal cords.
Initial observations suggested a higher neurosphere forming ability in
preparations from E11 than from E15 spinal cords where cells were
plated at a relatively high density (50,000–100,000 cells/ml). In order
to clearly establish whether this was indeed the case, we compared
neurosphere formation after plating E11 and E15 spinal cord cells at
lower densities (5000–20,000 cells/ml). Neurospheres usually
formed after 7 days in culture and in this study were monitored
over two weeks. Three independent experiments showed that only a
small number of aggregates/neurospheres appeared to form at both
ages (b10/spinal cord). However, whereas by 11 days in culture 57% of
the neurospheres from E11 spinal cords had a diameter of approxi-
mately 150 μm and looked healthy (Figs. 8A, C), only 11% of those from
E15 spinal cords were of this size. The majority of the E15
neurospheres had a diameter of approximately 50 μm, appeared to
be less healthy, and often maintained an aggregate-like appearance
rather than clearly developing as neurospheres (Figs. 8B, D). When
neurospheres were prepared from E11 and E15 sham-operated and
injured spinal cord 24 h after injury (plating density 100,000 and
200,000 cells/ml), a clear increase (between 50 and 100%) in
neurosphere forming ability in response to injury (2 independent
experiments) was observed only in spinal cord injured at E15
(Supplemental Fig. 3).
To characterize the stem/progenitor cells in the neurospheres, E11
neurospheres were stained for transitin and Glast. No double-labelled
cells were observed. Some neurospheres were found to contain bothy at E11. (A) Immunostaining for HuC/D (red) and BrdU (green) in cytospin preparations
ed) and BrdU (green) in cytospin preparations taken from sham-operated (B) or injured
-operated and injured samples (arrows). (D) Immunostaining for GFAP (red) and BrdU
ates the presence of proliferating astrocytes. Scale bars: 16 μm. (E) Histograms showing
inal cords collected 48 h after injury at E11. Scale bars=16 μm.
Fig. 8. E11 and E15 chick spinal cord cell extracts form neurospheres of different sizes. Representative phase images of E11 (A) and E15 (B) spinal cord cells 7 days in culture. (C)
Representative micrograph of an E11 neurosphere after 14 days in culture. (D) Representative picture of a E15 neurosphere after 14 days in culture. The neurosphere forming ability
differs between E11 and E15 spinal cord. E11 derived neurospheres form more rapidly, have a healthier morphology and are larger than E15-derived ones. (E–G) E11
neurospheres double-labelled for Glast (green) and transitin (red); note the mutually exclusive expression of the two proteins. Nuclei are blue. Scale bars: A, B=150 μm, C–
E=50 μm, F, G=20 μm.
243K. Whalley et al. / Developmental Biology 332 (2009) 234–245transitin and Glast positive cells, whereas others contained exclusively
one or the other indicative of clonal populations (Figs. 8E–G).
Discussion
Most studies on neurogenesis in the chick spinal cord have focused
on relatively early developmental stages. Here we have reported the
regulation of radial glia populations and changes in the neurogenic
ability of developing and regenerating spinal cords at the transition
between regeneration-permissive and non-permissive stages. Our
analysis of spinal cord development and regeneration has provided
novel information on the heterogeneity of the response of radial glia
to injury in the chick spinal cord, and, crucially, has demonstrated the
persistence of neurogenesis at relatively late stages of development,
showing that the end of a “neurogenic state” coincides with loss of
regenerative ability.
Proliferation in the chick spinal cord changes with development and in
response to injury
BrdU labelling revealed that there is a high level of ongoing
proliferation in the chick spinal cord at both E11 and E15. Cells which
were positive for BrdU were detected throughout the spinal cord;
between E11 and E15 there was a trend towards increased labelling in
the white matter and reduced labelling in the grey matter, which is
consistent with the loss of neurogenic ability shown here and
progression of astrocyte and oligodendrocyte development (Macklin
andWeill, 1985; Ono et al., 1995; Pringle et al., 2003; Sim et al., 2002).
Labelling in the ependymal region, however, was much lower at E15
than E11, suggesting differences in the neural stem/progenitor cell
population. This was supported also by the in vitro study, where the
early stages of formation and growth of neurospheres were reduced in
E15 spinal cord.Injury at the permissive regeneration stage did not seem to
increase DNA synthesis either in the ependymal region (the location
of neural stem cells,) or in the white matter. Since at this stage the
ependymal region is highly proliferative, and gliogenesis is in progress
(Macklin and Weill, 1985; Ono et al., 1995; Pringle et al., 2003; Sim et
al., 2002), this is not altogether surprising. The lack of increased
proliferation in the ependymal region was reﬂected by the lack of any
obvious increase in neurosphere forming ability after spinal cord
injury at E11 in the culture condition used. A signiﬁcantly higher
number of BrdU-positive cells, however, was detected in the grey
matter following injury at E11. While increased proliferation in the
ependymal region of E16 injured spinal cords to levels comparable to
those seen in normal E12 cords was clearly observed, no BrdU co-
labelling with the neuronal marker HuC/D could be found. Therefore
raised proliferative activity in the E16 ependymal region following
injury is likely to reﬂect increased birth of glial cells. Consistent with
this increased proliferative activity in vivo is the increased neuro-
sphere forming ability observed following injury at E15. This is
consistent with reports showing similar increase after injury in the
non-regenerating rat spinal cord (Yamamoto et al., 2001). As in adult
rat ependymal cells mainly produce glial cell populations in response
to injury, it is conceivable that the neurospheres obtained by non-
regenerating spinal cord have a “gliogenic” bias. Altogether, neuro-
sphere forming ability appears to reﬂect the proliferative activity of
neural progenitors in vivo, but long-term studies will be required to
investigate in detail differences in developmental potential of neuro-
spheres derived from regenerating and non-regenerating spinal cords.
Heterogeneity in radial glia response to injury
The results of the present study conﬁrmed and extended
previously reported patterns of transitin expression in the developing
chick spinal cord and showed that, by E11, most expression has
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expression persisting in radial ﬁbres to relatively late developmental
stages (at least E16) (Cole and Lee, 1997; Lee and Cole, 2000; Ma et al.,
1998; Napier et al., 1999; Yuan et al., 1997). Similarly, expression of
Glast and 3CB2 showed that the pattern of radial glial expression in
the chick spinal cord largely matches that observed in other species
(Barry and McDermott, 2005; Prada et al., 1995; Shibata et al., 1997).
3CB2 expression became restrictedmainly to the dorsal midline at late
stages, and only very low-level expression persisted in radial ﬁbres,
whereas Glast increased with development and diffused expression
was observed at E15 in the grey matter as described in mouse spinal
cord (Shibata et al., 1997). Radial glia act as neural precursors during
development (Alvarez-Buylla et al., 2001; Malatesta et al., 2003;
Noctor et al., 2001, 2002), and it has been suggested that different
subtypes of radial glia may be destined towards different fates (Barry
and McDermott, 2005; Hartfuss et al., 2001; Kriegstein and Gotz,
2003). The expression pattern of radial glia markers, particularly
transitin, observed in the chick spinal cord indicates that radial glial
cells which might potentially give rise to new neurons are mostly
down-regulated by E11.
After injury at E11 transitin is up-regulated, consistent with
activation of a progenitor cell population. Double-labelling for BrdU
and transitin indicated that some, but not all, of the transitin
expression might be found in cells which have recently divided,
although it was difﬁcult to assess the correlation between the
ﬁlamentous staining of transitin and the nuclear BrdU staining. Up-
regulation of transitin is in agreement with a number of studies which
have demonstrated an up-regulation of nestin expression after spinal
cord injury (Namiki and Tator, 1999; Shibuya et al., 2002). It has been
suggested that the up-regulation of nestin may represent an increase
in the number of neural precursor cells and may subsequently
contribute to the production of glial cells and the formation of a
glial scar (Frisen et al., 1995). A glial scar has not been observed in the
developing chick spinal cord and, at the stages being examined, the
spinal cord is too immature for this up-regulation to represent
reactive astrocytes. This is consistent with the lack of up-regulation of
the radial glia markers, 3CB2 and Glast, observed after injury at E11 or
E15. It is therefore tempting to speculate that the up-regulation of
transitin observed after injury at E11 might reﬂect an increase in the
neurogenic radial glia, possibly through a process of dedifferentiation
as suggested in the amphibian spinal cord (Walder et al., 2003).
On the whole, the up-regulation of transitin, but neither 3CB2 nor
Glast, following injury, together with their mutually exclusive
expression observed in the neurospheres, reveals heterogeneity in
the radial glia and its response to injury in the chick spinal cord.
The E11 chick spinal cord maintains neurogenic ability
One of the most interesting ﬁndings of this study was that
neurogenesis in the chick spinal cord appears to still be ongoing at E11,
albeit at a relatively low level. Some neurogenic activity was initially
suggested by persistent expression of the neuroblast marker Dcx
(Francis et al., 1999; Gleeson et al., 1999), which is down-regulated as
the neurons mature (Brown et al., 2003), in the dorsal horn, and BrdU
incorporation in some of these cells at E11. That neurogenesis was
indeed ongoing at E11 was established by double staining for both
BrdU incorporation and neuronal phenotypic markers. Double-
labelling with BrdU and HuC/D or NeuN was demonstrated by two
different methods, three-dimensional confocal analysis of spinal cord
sections and cytospin preparation of dissociated spinal cord cells.
These two different approaches and the stringent criteria used to
deﬁne double-labelled cells reduced the possibility of falsely identify-
ing cells as double-labelled, andmost likely led to an underestimate of
newborn neurons.
It was previously believed that all neurogenesis in the spinal cord
ends several days before E11. However, in reality, there have been veryfew studies examining the question of the timing of the end of the
neurogenic period in the chick. One study which attempted to
comprehensively investigate this issue used 3H-thymidine to label
cells undergoing division at speciﬁc time points during development
(Fujita, 1964). This showed that the last day at which cells which
subsequently became neuronal could be labelled was at E9 in the
cervical spinal cord and E8 in the lumbar spinal cord (Fujita, 1964).
However, cell types were identiﬁed on the basis of their distribution at
various time points during development, rather than labelling with
neuronal markers as here, and thin sections from a small number of
animals were analyzed (only two embryos were labelled at E11 and
examined after hatching). Importantly, as shown in the present study,
the numbers of double-labelled cells that are found represent a fairly
low proportion of the total number of cells in the spinal cord. Use of
the confocal microscope, which could visualize all cells in a 30 μm
section, and of cytospin preparations has allowed the examination of
many more cells in the current study, making it more likely that these
relatively rare double-labelled cells would be identiﬁed. The presence
of such a population, though rare, indicates that the spinal cord
environment is still permissive for neurogenesis at a relatively late and
regeneration-competent stage of development.
This study also raises the issue of when neurogenesis does end in
the chick spinal cord. Due to the cumulative labelling strategy it is not
possible to know at what time point after labelling began the double-
labelled cells were actually born. The absence of double-labelled cells
observed in the chick spinal cord after labelling at E15, however,
indicates that by this stage, neurogenesis is complete. A more
comprehensive study, involving BrdU labelling at successive stages
between E11 and E15 could provide an answer to this question.
Analysis of neurogenesis following injury at E11 did not show a
dramatic change as compared to sham-operated controls, though a
tendency towards increased BrdU and HuC/D double-labelling
following injury was observed both in sections and in cytospin
preparations. Given the low levels of neurogenesis ongoing at this
stage – an average of 2 cells per section was double-labelled –
relatively small differences might be missed. In support of the
suggestion that neurogenesis might increase after injury were the
signiﬁcant increase in proliferation observed in the grey matter and
up-regulation of transitin at 24 h after injury. Whereas these changes
in the grey matter could be indicative of an increase in the birth of
neuronal precursors, it is not possible to know whether they might, in
fact, solely indicate an increase in proliferation of glial progenitors,
and more extensive analysis will have to be carried out. However, the
existence of ongoing neurogenesis together with the neurosphere
forming ability and up-regulation of transitin in response to injury,
demonstrates that the E11 chick spinal cord is less mature and more
plastic than previously thought. Although further work will be
required to conﬁrm the importance of these processes for regenera-
tion, these ﬁndings support the view that in the chick efﬁcient
regenerative ability is associated with a “neurogenic” environment as
postulated in lower vertebrates (Ferretti et al., 2003; Holder and
Clarke, 1988).
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